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Abstract
The experimental results of Takaki et al.[1] on the stage I resistivity recovery of electron irradiated iron are analyzed
using the analytical theory of diffusion annealing formulated by Simpson & Sossin [2] and Schroeder [3] taking into
account the recent first-principles calculations of Fu et al.[4] regarding the mobility of interstitials. Excellent agreement
between theory and experiment is obtained by a minimal set of adjustable parameters. The results show that the
diffusion annealing equations can be successfully employed for the analysis of recovery experiments in iron.
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1. Introduction
Resistivity recovery after low temperature irradiation is
one of the most sensitive experimental methods for the
study of point defects in metals. In the case of iron, the
detailed recovery spectra obtained by Takaki et al. [1] on
ultra-pure, electron irradiated specimens have contributed
significantly to our understanding of the properties of self-
interstitial atoms (SIA) and vacancies in this metal. Re-
cently it has been possible by means of first-principles elec-
tronic structure calculations to obtain values of fundamen-
tal point defect parameters as, e.g., the migration energy
of SIAs, vacancies and their clusters [5, 4]. In particular,
for the SIA in iron it has been found that the most stable
configuration corresponds to the 〈110〉 dumbbell with a mi-
gration energy of Em = 0.34 eV, in general agreement with
experiments. Fu et al. [6] employed these parameters in
combination with kinetic Monte Carlo (KMC) techniques
for the simulation of the experimental recovery spectra of
Takaki et al., leading to a good agreement between the-
ory and experiment. The comparison has greatly helped
in clarifying the interpretation of the recovery spectra and
the evolution of defect populations. A number of theoret-
ical works have followed this paradigm and used the iron
recovery data for the validation of their models or simula-
tion techniques [7, 8, 9].
Most of these theoretical studies have considered fea-
tures of the recovery spectra occurring above a tempera-
ture of about T ∼ 110 K. This is the position of recovery
stage ID2 which is associated with the correlated recombi-
nation of Frenkel pairs[10, 1, 6]. ID2 is the second part of
the compound stage ID, which is the strongest in the re-
covery spectrum of electron irradiated iron, comprising in
total more than 50% of the total recovery. The first part
of ID, ID1, is centered at around T ∼ 100 K and overlaps
strongly with ID2 making their separation difficult. ID1 is
generally attributed to the recombination of close Frenkel
pairs. In the original work of Takaki et al. the fraction of
recovery that belongs to ID1 and ID2 has been estimated
only approximately by a graphical method. Nevertheless,
most of the recent theoretical studies [6, 7, 8, 9] have ac-
cepted this rough estimate as a basis for their calculations
and no attempt has been made to deconvolute the two
components of ID. Such a deconvolution is needed for an
accurate description of the defect evolution during the re-
covery experiments.
In this paper we present a detailed analysis of the Takaki
et al. [1] stage I resistivity recovery data, based on the clas-
sical theory of diffusion annealing formulated by Simpson
& Sossin [2] and Schro¨der [3]. These authors devised a
set of differential equations which describe the evolution
of defect concentrations during SIA migration in stage I,
taking into account both correlated and uncorrelated re-
combination. Their theory has been applied in fcc metals,
achieving excellent agreement with experiments [11, 12].
Although iron, unlike other bcc metals, exhibits a stage I
resistivity recovery very similar to fcc metals, an analysis
based on the theory of diffusion annealing had not been at-
tempted in previous work. This was mainly due to the un-
certainties that prevailed in earlier research regarding the
behavior of SIAs in bcc metals. To interpret the available
experimental results, it had been assumed that translation
and rotation of the 〈110〉 SIA dumbbell had slightly differ-
ent activation energies. The translational mode would pro-
vide only 2D planar migration while a rotation would allow
the SIA to transfer to another plane, providing, thus, the
3D character of migration (see [13] and references therein).
In this context, the presence of bound close Frenkel pairs
in the bcc lattice has also been anticipated, where the va-
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cancy is situated close to, but outside the migration plane
of the SIA. Recombination of such pairs is arrested until
the rotational mode of the SIA is activated. The recent
ab initio theoretical study by Fu et al. [4] suggests that
in iron the activation energy of both the translational and
rotational modes is effectively the same and that 3D mi-
gration of SIAs proceeds by combined translation-rotation
nearest-neighbor jumps. Thus, the theory of diffusion an-
nealing can now be applied with increased robustness also
in iron, since one of its key ingredients, the SIA migration
energy, is known with great confidence from both theory
and experiment [4, 6]. Although diffusion annealing is ba-
sically a continuous theory that does not take into account
the discrete atomistic nature of point-defect reactions, its
simplicity and its power to account for all relevant phe-
nomena make it a valuable tool for the deconvolution of
experimental recovery spectra.
2. Theoretical background
2.1. Diffusion annealing
The theory of diffusion annealing [2, 3] considers the
following reactions
I + V → 0 (1a)
I + I → I2 (1b)
. . . (1c)
I + Ik−1 → Ik (1d)
between vacancies (V), self-interstitial atoms (I) and clus-
ters of k interstitial atoms (Ik). The first reaction repre-
sents the recombination of a SIA with a vacancy; the sub-
sequent ones describe the clustering of interstitials. Only
SIAs are considered to be mobile.
The corresponding defect concentrations are denoted by
n0, n1, . . . , nk for V, I and up to the k-th interstitial clus-
ter, respectively. The temporal evolution of defect con-
centrations is described by a set of differential equations
n˙0 = −α0n0n1 (2a)
n˙1 = n˙0 − n1(2α1n1 +
∑
k≥2
αknk) (2b)
n˙k = −n1(αknk − αk−1nk−1), k ≥ 2 (2c)
where n˙k denote derivatives with respect to time and αk
are the time-dependent reaction rates
αk(t) = (4pi/Ω0)RkD
(
1 +Rk/
√
pi(1 + δ1k)Dt
)
, (3)
that were first obtained by Waite [14]. In the last equa-
tion Ω0 is the atomic volume and Rk denotes the reac-
tion radius for the interaction between a SIA and a defect
belonging to the concentration nk. Thus, R0 is the SIA-
vacancy recombination radius. The SIA diffusion constant
is D = D0e
−Em/kBT with Em denoting the migration en-
ergy, T the temperature and kB the Boltzmann constant.
Finally, δ1k denotes the Kronecker delta.
The equations (2) assume that all defect species are ran-
domly and homogeneously distributed in space. Thus they
describe the uncorrelated recombination due to long range
SIA migration.
2.2. Correlated recombination
An essential part of diffusion annealing theory is the
description of correlated recombination, i.e., the reaction
of a SIA with its own vacancy. For an isolated Frenkel pair
the probability of recombination after time t is [2]
pc(t) =
〈
R0
R
erfc
(
R−R0√
4Dt
)〉
g(R)
, (4)
where R is the initial vacancy-interstitial separation. The
symbol 〈. . . 〉g(R) denotes averaging1 over the probability
distribution g(R) for the interstitial to be initially at a dis-
tance between R and R+dR from its vacancy. For simplic-
ity g(R) is considered as radially symmetric. The form of
g(R) will largely define the experimentally observed corre-
lated recovery. Several different expressions for g(R) that
lead to analytically tractable results are given in [2].
Correlated recombination is included in the diffusion
equations by adding an extra term to (2a) :
n˙0 = −α0n0n1 − n0e−F p˙c, (2a′)
where n0 is the initial concentration of Frenkel pairs and
F is associated with the probability that an interstitial
is captured by a defect other than its own vacancy. The
following equation
F˙ = α0(n0 + n1) + 2α1n1 +
∑
k≥2
αknk (5)
describing the time evolution of F has to be added to the
eq. system (2) to complete the description.
2.3. Integration of equations in isochronal annealing con-
ditions
In typical isochronal recovery experiments an irradiated
sample with initial Frenkel pair concentration n0 is an-
nealed at successively increasing temperatures T1 < T2 <
... < TN for a specific time interval ∆t per annealing point.
To obtain the evolution of defects the system of equations
defined by (2), (2a′) and (5) has to be integrated along the
annealing intervals with initial conditions
n0 = n1 = n
0
nk = 0, k ≥ 2.
(6)
In each interval the reaction rates αk are adjusted accord-
ing to the corresponding annealing temperature.
1〈f(R)〉g(R) = 4pi
∫∞
R0
f(R)g(R)R2dR
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Figure 1: Stage I resistivity recovery (left y-axis) and recovery rate
(right y-axis) of electron irradiated Fe as a function of annealing
temperature for an initial resistivity increase ∆ρ0 = 22.9 nΩ-cm.
Data reproduced from the work of Takaki et al.[1].
Since the migration energy of the SIA is considered here
as known, it is convenient to multiply t in the i-th an-
nealing interval with the corresponding Boltzmann factor.
Thus a new variable ti = e
−Em/kBTit is introduced in the
interval (i − 1) ∆t < t ≤ i∆t. Further, to facilitate com-
parison with recovery experiments the concentrations nk
are scaled to the initial defect concentration. Rewriting
the equations for the scaled concentrations with ti as inde-
pendent variable the rate coefficients in the i-th annealing
interval become
α′k(ti) = αk n
0 eEm/kBTi =
(4pin0/Ω0)RkD0
(
1 +Rk/
√
pi(1 + δ1k)D0ti
)
.
(7)
3. Model and fitting procedure
Fig. 1 shows the stage I resistivity recovery ∆ρ/∆ρ0 of
electron irradiated iron as a function of annealing temper-
ature for an initial resistivity increase ∆ρ0 = 22.9 nΩ-cm.
Also depicted on the right y-axis of the same figure is the
resistivity recovery rate, i.e., the numerical derivative of
the resistivity recovery with respect to temperature. The
data has been digitally reproduced from figures 1 & 2 of
reference [1]. As seen in Fig. 1 stage I consists of 8 sub-
stages labeled: IA0, IA1, IA, IB, IC, ID1, ID2 and IE.
In the current work we focus on the correlated and un-
correlated Frenkel pair recombination which has been tra-
ditionally associated with ID2 and IE, respectively. How-
ever, the lower temperature stages IC and ID1 are also
included in the analysis due to their strong overlap. Thus,
the temperature region of interest for our analysis extends
from ∼ 70 K up to about 170 K. Takaki et al. [1] measured
the resistivity recovery at four initial dose levels, thus, the
complete dataset comprises of defect resistivity values ∆ρ
as a function of annealing temperature T and electron dose
φ:
∆ρ(Ti, φj), i = 1, . . . , N, j = 1, . . . , 4. (8)
The number of annealing steps N is about 30. The actual
electron dose φ is not explicitly specified in [1], but the
initial resistivity increase ∆ρ0(φ) is given instead. Since
we are not interested in the low temperature close-pair
stages, we rescale the data to the value of the resistivity
just before stage IC. This corresponds to the small plateau
at T ∼ 70K, observed in the recovery curve of Fig. 1, and
will be denoted by ∆ρ70.
In more detail the assumptions of our model are as fol-
lows:
1. At any time during stage I annealing the defect resis-
tivity is proportional to the instantaneous concentra-
tion of Frenkel pairs nF ,
∆ρ = ρF nF , (9)
where ρF is the resistivity per unit pair concentration.
The typical assumptions are adopted (a) that ρF does
not depend on the distance between SIA and vacancy
and (b) that the overall resistivity per defect does not
change when defects take part in clusters.
2. The total concentration of Frenkel pairs at T = 70 K
is denoted n70 = ∆ρ70/ρF . A fraction fC of those are
close-pairs that recombine in stage IC. The fraction
fC does not depend on the initial electron dose φ.
3. The close-pair stage IC is considered a first-order ther-
mally activated reaction with rate constant kC =
k0C exp(−EC/kBT ), where k0C is the pre-exponential
factor and EC the activation energy. The defect evo-
lution for such a process is well known [15] and given
by
nC(Ti, φj) = n
0
C(φj) exp
−∑
i′≤i
kC(Ti′) ∆t
 , (10)
where n0C(φ) = fC n70(φ) is the initial concentration
of close pairs.
4. The sub-stages ID1 and ID2 have been previously as-
cribed to close-pair and correlated recombination, re-
spectively. Magnetic and mechanical relaxation mea-
surements [16, 17] conducted in the temperature range
of both of these stages have indicated similar activa-
tion energies of ∼ 0.3 eV in close agreement with the
results of [4]. Thus, in order to provide a most sim-
ple and unifying model description, we employ a sin-
gle activation energy, equal to Em, to both of these
stages. Further, we find that the best agreement with
3
the experimental data is achieved if both ID1 and ID2
are described by eq. (4) of correlated recombination.
To account for the two peaks, the probability g(R) is
written as a weighted sum of two components:
g(R) = w1g1(R) + (1− w1) g2(R) (11)
where g1,2(R) are associated with ID1,2, respectively,
and w1 is a mixing parameter in the range 0 ≤ w1 ≤ 1.
The physical picture behind this assumption is the
following. ID2 is indeed associated with the corre-
lated recombination of non-close Frenkel pairs where
the SIA diffuses a considerable distance before recom-
bining with its own vacancy. On the other hand, ID1
is due to Frenkel pairs with such an initial geometric
configuration that only a very small number of SIA
movements (∼ 1 − 3) with activation energy of Em
suffice to initiate recombination. In this case we do
not have a true diffusional movement of the SIA, and
thus the relative distance R entering g1(R) of eq. (11)
is considered an effective parameter.
Among the possible functional forms of g(R) given in
[2], we find that the most suitable for the description
of iron is the modified exponential
g(R) = Ae−R/(Rp−R0)/R, (12)
where A is a normalization constant and the parame-
ter Rp is defined by R
−1
p =
〈
R−1
〉
g(R)
. Both g1,2(R)
are of the type (12) but with different distribution
parameters denoted R
(1,2)
p , respectively.
5. The evolution of defect concentrations in the stages
ID1, ID2 and IE (uncorrelated recombination) are
jointly described by the diffusion annealing equations
of section 2 using the same single SIA migration en-
ergy Em. The total number of Frenkel pairs in these
sub-stages is denoted as nD for simplicity, although it
includes also pairs that recombine in IE. By numeri-
cally integrating the diffusion equations we obtain the
evolution of the pair concentration nD = nD(Ti, φj)
as a function of annealing temperature and initial
dose. The initial concentration of pairs n0D(φ) =
(1 − fC)n70(φ) is used in place of n0 in the initial
conditions (6) of the equations.
The equation system is truncated to k ≤ kmax = 3,
i.e., to tri-interstitial clusters. It has been found
that extending to higher order clusters does not af-
fect much the current analysis which is not concerned
with the behavior above stage I.
According to the above statements, the following ex-
pression is used for modeling the resistivity recovery data:
∆ρ(Ti, φj)
∆ρ70(φj)
=
nC(Ti, φj) + nD(Ti, φj)
n70(φj)
= fC
nC(Ti, φj)
n0C(φj)
+ (1− fC)nD(Ti, φj)
n0D(φj)
.
(13)
Em (eV) 0.34 [4]
4
3pi R
3
0/(Ω0 ρF ) (Ω-cm)
−1 1.0× 105 [18]
R1/R0 1.07 [8]
R2/R0 1.11 [8]
Table 1: Values of fixed parameters
The recovery of close pairs, nC/n
0
C , does not depend on
the initial dose as is evident from eq. (10). This is a well
known property of first-order kinetic processes [15]. Thus,
the shape of IC is the same in all dose levels and depends
only on the kinetic parameters, k0C and EC .
The situation is different for nD/n
0
D, which has evi-
dently a dose dependent behavior since the rate coeffi-
cients (7) in the diffusion equations are proportional to
the initial defect concentration. If n0 is replaced in (7)
by n0D = (1− fC) ∆ρ70/ρF the following expression is ob-
tained
α′k =
(
4piR30
Ω0 ρF
)(
Rk
R0
)(
D0
R20
)
×[
1 +
Rk/R0√
pi(1 + δ1k)(D0/R20)ti
]
(1− fC) ∆ρ70,
(14)
where the various parameters have been rearranged using
R0 as a length scale. A similar rearrangement can also be
done in the expression of correlated recovery, eq. (4), thus
the recombination radius R0 is used globally as a length
scale. The ratio R30/ρF in the right hand side of (14) is
considered a fixed constant and its value is adopted from
previous experimental results [18]. Table 1 summarizes all
parameters that are fixed during the analysis. These in-
clude also the higher order interaction radii Rk, k = 1, 2,
which are set as slightly larger than R0 in accordance
with recent simulations [8]. However, the exact values of
Rk/R0 are actually not so important for the current anal-
ysis. Summarizing the parametrization of the model for
the sub-stages ID and IE, the adjustable parameters are:
the scaled pre-exponential factor D0/R
2
0 and the three pa-
rameters that define g(R), namely, R
(1)
p /R0, R
(2)
p /R0 and
w1.
The adjustable parameters are obtained by minimiza-
tion of the sum-of-squares
N∑
i=1
4∑
j=1
∣∣∣∣∣
[
d
dT
∆ρ(Ti, φj)
∆ρ70(φj)
]
exp
−
[
d
dT
∆ρ(Ti, φj)
∆ρ70(φj)
]
th
∣∣∣∣∣
2
.
(15)
The model is fitted to the recovery rate data to achieve
highest sensitivity on the position and magnitude of indi-
vidual sub-stages. All four dose levels are fitted simulta-
neously. This makes possible the reduction of the overall
number of adjustable parameters and improves the robust-
ness and statistical variance of the results.
The numerical integration of the diffusion annealing
equations and the least-square minimization procedure
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Figure 2: Results of fitting the model described in section 3 to the
resistivity recovery rate of electron irradiated Fe. The data of Takaki
et al.[1] as a function of annealing temperature are denoted by dots.
Sub-figures (a)-(d) refer to increasing initial electron dose. The fitted
model is shown as a continuous curve. The dashed curves depict the
model contributions of the individual sub-stages IC, ID1, ID2 and IE
as labeled in sub-figure (b).
have been implemented in the OCTAVE computing en-
vironment [19]. The relevant programs are available at
the website of the authors’ institution [20].
4. Results
Fig. 2 shows the results of fitting the diffusion annealing
model described in the preceding sections to the resistiv-
ity recovery rate measured in electron irradiated iron in
the temperature range 70 K ≤ T ≤ 170 K. The exper-
imental recovery rate, scaled to the defect resistivity at
70 K, is depicted as dots. The four electron dose levels
measured by Takaki et al. are given in the sub-figures (a)-
(d) and the corresponding values of ∆ρ70 are denoted on
the graphs. Error bars are estimated by the experimental
fC (%) 11.6±0.8
k0C (s
−1) 108±1
EC (meV) 185± 10
D0/R
2
0 (s
−1) (1.0± 0.2)× 1012
R
(1)
p /R0 1.11± 0.01
R
(2)
p /R0 1.90± 0.15
w1 (%) 61± 4
Table 2: Results of fitted model parameters.
uncertainty reported in [1] regarding the measurement of
resistivity and by assuming a temperature error of ±0.1 K.
The recovery rate predicted by the model is shown by the
continuous curves. The dashed curves indicate the contri-
butions from the different sub-stages IC, ID1, ID2 and IE
as labeled for example in fig. 2(b). As observed in the
figure, there is good agreement between theoretical model
and experimental results. It is noted that all curves are
produced by a single set of parameters that capture the
behavior in the whole range of initial defect concentra-
tions. The fitted model parameters are given in Table 2.
Parameter errors refer to the statistical uncertainty of the
least-square estimation procedure.
The first three parameters of Table 2 refer to the close-
pair stage IC. The shape of the sub-stage is well described
by a first-order kinetic law as seen in fig. 2. The fitted
kinetic parameters k0C and EC listed in Table 2 are in ex-
cellent agreement with those reported in a previous study
[21]. The relative contribution of IC to the recovery is set
by fC which is found equal to 11.6 %.
The model accounts correctly for the observed total
amount of recovery in the studied temperature range. To
demonstrate this in more detail we plot in Fig. 3, as a func-
tion of ∆ρ70, the total integrated recovery A
(exp)
tot , as ob-
served experimentally, in comparison with the integrated
recovery A
(exp)
th , obtained by the theoretical model. A
(exp)
tot
is calculated by
A
(exp)
tot (φj) = 1− [∆ρ(Tmax, φj)/∆ρ70K(φj)]exp , (16)
where Tmax is the maximum temperature studied at each
dose level ranging between 150 and 170 K. As observed
in Fig. 3, A
(exp)
tot starts at ∼ 90% at low dose and then
gradually reduces to about 83% at high dose. The magni-
tude of the total recovery and its behavior as a function of
initial dose is correctly reproduced by the diffusion anneal-
ing theory, which is also shown in Fig. 3. Looking at the
integrated recovery due to the individual sub-stages, it is
observed that the reduction in total recovery with increas-
ing dose is mainly associated with the decrease of AD1 and
AD2. This decrease is partially compensated by a simul-
taneous increase of AE . This behavior can be understood
as follows. At higher initial Frenkel pair concentrations
there is an increased probability for a SIA to escape corre-
lated recombination, either by recombining with a vacancy
other than its own or by reacting with another SIA or SIA
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cluster. In both cases AD is reduced. However, in the
first case, when the SIA recombines with a vacancy, AE
is correspondingly increased so that the total recovery re-
mains effectively unchanged. Thus the observed reduction
of total integrated recovery with dose is solely due to the
enhancement of SIA clustering.
Regarding the sub-stages ID1 and ID2, the data of Table
2 show that a consistent description of the experimental
data is offered if the major fraction w1 = 61% of Frenkel
pairs is characterized by a parameter R
(1)
p = 1.11R0 and
the rest by a relatively larger value R
(2)
p = 1.9R0. The cor-
responding features in the calculated recovery spectra of
fig. 2 are centered at T = 103 and 115 K, respectively. The
value of R
(1)
p indicates that a large number of SIAs are ini-
tially situated in the immediate vicinity of the recombina-
tion radius. For a better understanding of the underlying
recovery process it is useful to estimate the average num-
ber of jumps of such a SIA before it recombines with its
own vacancy. To obtain this average number of jumps we
consider the following simple argument. According to eq.
(4), which is employed in the description of ID1 and ID2,
the fraction of Frenkel pairs that finally recombine with
their own vacancy at t→∞ is pc(∞) = 〈R0/R〉 = R0/Rp
[2]. Half of these pairs have recombined after time t1/2
ID1 ID2
N1/2 1.0± 0.2 70± 20
Table 3: Average number of jumps N1/2 for SIA recombination with
its own vacancy in sub-stages ID1 and ID2.
such that pc(t1/2) = (1/2)pc(∞), or, from eq. (4),〈
R0
R
erfc
(
R−R0√
4Dt1/2
)〉
g(R)
=
1
2
R0
Rp
. (17)
To obtain t1/2 from (17) to a first approximation, R inside
the brackets 〈. . . 〉g(R) is replaced by Rp. Further, noting
that the solution of erfc(x) = 1/2 is approximately x ≈
1/2, eq. (17) simplifies to Dt1/2 ≈ (Rp −R0)2. The num-
ber of nearest neighbor jumps of a SIA dumbbell migrating
in the bcc lattice is N = 8Dt/a2, where a denotes the lat-
tice constant ([22], ch. 4). Thus, the number of SIA jumps
corresponding to t1/2 is N1/2 = 8(R0/a)
2(Rp/R0 − 1)2.
N1/2 has been evaluated using the Rp values from Table
2 and the value of R0/a = 3.3 employed in recent calcula-
tions [6, 8]. The results are given in Table 3. As seen from
the Table, the SIA defects corresponding to ID1 recombine
with their vacancy after only one jump, on the average.
This justifies our initial assumptions regarding ID1, namely
that it corresponds to a close pair configuration that re-
combines after just a small number of SIA jumps. We
note, however, that such a process is only approximately
described by eq. (4) which has been derived on the basis
of the macroscopic diffusion equation [2]. The results of
the present analysis must be viewed taking this limitation
into account. In ID2 the average number of jumps is about
70, thus, in this case, the SIA performs a true diffusive
motion before recombination with its vacancy.
Our results are in broad agreement with the work of Ter-
entyev et al. [23] who used KMC and molecular dynamics
methods to simulate the resistivity recovery experiments
reported in [24]. These authors also attributed ID1 and ID2
to the distribution of Frenkel pairs with respect to R and
they also found that a large fraction of pairs have initial
separation distance very close to R0. However, the irradi-
ation experiments they simulated were performed at 77 K
and thus the low temperature part of ID1 and its overlap
with IC have not been studied in detail.
It is noted that the parameters R
(1,2)
p are not only re-
lated to the shape and temperature position of the recovery
features but define also the integrated recovery in ID1 and
ID2, which is equal to 〈R0/R〉g(R) [2]. The value of this
quantity as obtained here is 〈R0/R〉 = R0[w1/R(1)p + (1−
w1)/R
(2)
p ] = 0.76 ± 0.02. This is lower than the value
reported by Takaki et al. [1], who gave an estimate of
〈R0/R〉 ≈ 3.3/4 = 0.825. It is also noted that 〈R0/R〉
is related to the integrated recovery shown in Fig. 3 by
the relation (AD1 +AD2)φ→0 = (1− fC) 〈R0/R〉 = 67%.
Regarding finally the uncorrelated stage IE, there is ex-
cellent agreement between our model calculation and the
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experimental results as observed in Fig. 2, not only with
respect to the temperature position of the maximum as
a function of dose but also in the relative magnitude and
shape of the stage. The model reproduces very well the
gradual merging of IE into the high temperature side of
ID with increasing dose and the associated change of peak
shape due to the competition between correlated and un-
correlated recombination. The key adjustable parame-
ter associated with IE is D0/R
2
0, which is found equal to
1012 s−1. We note that the same parameter is also in-
volved in correlated recombination, since it actually sets
the speed of SIA diffusion. Thus, its value is adjusted so
that a consistent description is achieved for both ID and IE.
The result obtained here agrees well with values employed
in recent simulations [6, 8], namely D0/a
2 = 1013 s−1 and
R0/a = 3.3 that correspond to a D0/R
2
0 of 0.9× 1012 s−1.
Finally, we note that due to the parametrization
adopted in the present model the obtained results are in-
dependent of the exact values of R0 and ρF , which are
both still not known with good accuracy from theory or
experiment [25, 26].
5. Conclusions
We employ the theory of diffusion annealing formulated
by Simpson & Sossin [2] and Schroeder [3] to analyze the
experimental results of Takaki et al.[1] on the stage I re-
sistivity recovery of electron irradiated iron. The theory
gives an accurate account of the evolution of Frenkel de-
fect concentration as a function of temperature and dose
under the following main assumptions
• The recovery sub-stages ID1, ID2 and IE are character-
ized by a single activation energy, Em. This activation
energy is taken to be equal to 0.34 eV according to
recent first principles calculations [4].
• ID1 and ID2 are both described by the equations of
correlated recombination. However, in ID1 the pairs
have very short initial interstitial-vacancy separation
distance R and recombine after very few SIA jumps.
This fact and the value of activation energy support
the notion of ID1 as a substage where recombination
of bound close pairs takes place. In ID2 the distance
R of Frenkel pairs is larger and a true diffusive motion
of the SIA is required for recombination.
From the analysis we obtain refined values for a number
of parameters including the pre-exponential factor for the
Arrhenius law of SIA diffusion and the parameters charac-
terizing the distribution Frenkel defects that are in good
agreement with recent theoretical results.
The successful application of the theory of diffusion an-
nealing to the results of Takaki et al. shows that it con-
stitutes a suitable and powerful tool for the analysis of
recovery experiments in iron.
Acknowledgments
The authors would like to thank S. Messoloras for fruit-
ful discussions. This work has been supported by the
European Communities under the contract of Association
between EURATOM and the Hellenic Republic and was
carried out within the framework of the European Fusion
Development Agreement (EFDA). The views and opinions
expressed herein do not necessarily reflect those of the Eu-
ropean Commission.
References
[1] S. Takaki, J. Fuss, H. Kuglers, U. Dedek, H. Schultz, The
resistivity recovery of high purity and carbon doped iron fol-
lowing low temperature electron irradiation, Radiation Effects
and Defects in Solids 79 (1) (1983) 87–122. doi:10.1080/
00337578308207398.
[2] H. M. Simpson, A. Sosin, Defect mobility and reaction:
Diffusional and rate theory formulations in one and
three dimensions, Radiation Effects 3 (1) (1970) 1–21.
doi:10.1080/00337577008235611.
URL http://www.tandfonline.com/doi/abs/10.1080/
00337577008235611
[3] K. Schroeder, Low density approximation for diffusion
annealing, Radiation Effects 17 (1-2) (1973) 103–118.
doi:10.1080/00337577308232604.
URL http://www.tandfonline.com/doi/abs/10.1080/
00337577308232604
[4] C. Fu, F. Willaime, P. Ordejo´n, Stability and mobility of mono-
and Di-Interstitials in α-Fe, Physical Review Letters 92 (17)
(2004) 175503. doi:10.1103/PhysRevLett.92.175503.
[5] C. Domain, C. S. Becquart, \textitAb initio calculations of de-
fects in fe and dilute Fe-Cu alloys, Physical Review B 65 (2)
(2001) 024103. doi:10.1103/PhysRevB.65.024103.
URL http://link.aps.org/doi/10.1103/PhysRevB.65.024103
[6] C. Fu, J. Torre, F. Willaime, J. Bocquet, A. Barbu, Multiscale
modelling of defect kinetics in irradiated iron, Nature Materials
4 (1) (2005) 68–74.
URL http://www.scopus.com/scopus/inward/record.url?
eid=2-s2.0-11144350319&partnerID=40&rel=R8.2.0
[7] J. Dalla Torre, C. Fu, F. Willaime, A. Barbu, J. L. Bocquet, Re-
sistivity recovery simulations of electron-irradiated iron: Kinetic
monte carlo versus cluster dynamics, Journal of Nuclear Mate-
rials 352 (1–3) (2006) 42–49. doi:10.1016/j.jnucmat.2006.02.
040.
URL http://www.sciencedirect.com/science/article/pii/
S0022311506001048
[8] C. J. Ortiz, M. J. Caturla, Simulation of defect evolution in
irradiated materials: Role of intracascade clustering and cor-
related recombination, Phys. Rev. B 75 (18) (2007) 184101.
doi:10.1103/PhysRevB.75.184101.
URL http://link.aps.org/doi/10.1103/PhysRevB.75.184101
[9] T. Jourdan, C. C. Fu, L. Joly, J. L. Bocquet, M. J. Caturla,
F. Willaime, Direct simulation of resistivity recovery experi-
ments in carbon-doped α-iron, Physica Scripta 2011 (T145)
(2011) 014049. doi:10.1088/0031-8949/2011/T145/014049.
URL http://iopscience.iop.org/1402-4896/2011/T145/
014049
[10] F. Maury, M. Biget, P. Vajda, A. Lucasson, P. Lucasson,
Anisotropy of defect creation in electron-irradiated iron crys-
tals, Physical Review B 14 (12) (1976) 5303–5313. doi:10.
1103/PhysRevB.14.5303.
URL http://link.aps.org/doi/10.1103/PhysRevB.14.5303
[11] K. Sonnenberg, W. Schilling, K. Mika, K. Dettmann, Recovery
of electron-irradiated platinum. part IV, Radiation Effects
16 (1-2) (1972) 65–74. doi:10.1080/00337577208232023.
URL http://www.tandfonline.com/doi/abs/10.1080/
00337577208232023
7
[12] L. Thompson, A. Sosin, I<sub>D</sub>-I<sub>E</sub>
recovery in electron irradiated copper. II. theory, Radiation
Effects and Defects in Solids 25 (4) (1975) 233–252.
URL http://www.informaworld.com/10.1080/
00337577508235398
[13] P. Jung, P. Ehrhart, H. Schultz, H. Ullmaier, Atomic Defects
in Metals, Vol. 25 of Landolt-Bo¨rnstein - Group III Condensed
Matter, Springer-Verlag, Berlin/Heidelberg, 1991.
URL http://materials.springer.com/bp/docs/
978-3-540-48128-7
[14] T. R. Waite, Theoretical treatment of the kinetics of Diffusion-
Limited reactions, Physical Review 107 (2) (1957) 463–470.
doi:10.1103/PhysRev.107.463.
URL http://link.aps.org/doi/10.1103/PhysRev.107.463
[15] G. J. Dienes, G. H. Vineyard, Radiation efects in solids, Vol. 2,
Interscience Publ., 1957.
[16] J. Verdone, W. Chambron, P. Moser, Magnetic anisotropy
induced by Self-Interstitials in low temperature electron irra-
diated iron, physica status solidi (b) 61 (1) (1974) K41–K44.
doi:10.1002/pssb.2220610144.
URL http://onlinelibrary.wiley.com/doi/10.1002/pssb.
2220610144/abstract
[17] J. Diehl, U. Merbold, M. Weller, Information on va-
cancy migration in [alpha]-iron from annealing exper-
iments, Scripta Metallurgica 11 (9) (1977) 811 – 816.
doi:DOI:10.1016/0036-9748(77)90080-1.
URL http://www.sciencedirect.com/science/article/
B759T-48G7B1H-C5/2/c167e36ad33e10441fb29106e631e7fa
[18] J. Dural, J. Ardonceau, J. Jousset, Endommagement du fer
par irradiation aux e´lectrons a` 20 k, Journal de Physique 38 (8)
(1977) 1007–1011. doi:10.1051/jphys:019770038080100700.
URL http://jphys.journaldephysique.org/articles/jphys/
abs/1977/08/jphys_1977__38_8_1007_0/jphys_1977__38_8_
1007_0.html
[19] J. Eaton, R. Wehbring, D. Bateman, S. Hauberg, GNU Octave
version 4.0.0 manual: a high-level interactive lan guage for nu-
merical computations, 2015.
URL http://www.gnu.org/software/octave/doc/interpreter
[20] G. Apostolopoulos, Z. Kotsina, INTSS: numerical integration
of the simpson & sossin diffusion annealing equations (2015).
URL http://ftg.demokritos.gr/downloads.html
[21] J. M. Wells, K. C. Russell, Stage i recovery in electron irradiated
iron, Radiation Effects 28 (3-4) (1976) 157–167. doi:10.1080/
00337577608237434.
URL http://dx.doi.org/10.1080/00337577608237434
[22] G. S. Was, Fundamentals of radiation materials science: metals
and alloys, Springer Science & Business Media, 2007.
URL https://books.google.com/books?hl=en&lr=&id=
9JnzUljkAx8C&oi=fnd&pg=PA3&dq=Fundamentals+of+
Radiation+Materials+Science&ots=JrLsS7BSf1&sig=uGwcxK_
uCVu4u4D4wkO96GTnLgI
[23] D. Terentyev, N. Castin, C. J. Ortiz, Correlated recombination
and annealing of point defects in dilute and concentrated Fe–Cr
alloys, Journal of Physics: Condensed Matter 24 (47) (2012)
475404. doi:10.1088/0953-8984/24/47/475404.
URL http://iopscience.iop.org/0953-8984/24/47/475404
[24] H. Abe, E. Kuramoto, Interaction of solutes with irradiation-
induced defects of electron-irradiated dilute iron alloys, Journal
of Nuclear Materials 271-272 (1999) 209–213.
URL http://www.scopus.com/scopus/inward/record.url?
eid=2-s2.0-0033131514&partnerID=40&rel=R8.2.0
[25] C. H. M. Broeders, A. Y. Konobeyev, Defect production effi-
ciency in metals under neutron irradiation, Journal of Nuclear
Materials 328 (2–3) (2004) 197–214. doi:10.1016/j.jnucmat.
2004.05.002.
URL http://www.sciencedirect.com/science/article/pii/
S0022311504004787
[26] K. Nakashima, R. E. Stoller, H. Xu, Recombination radius of a
frenkel pair and capture radius of a self-interstitial atom by va-
cancy clusters in bcc fe, Journal of Physics: Condensed Matter
27 (33) (2015) 335401. doi:10.1088/0953-8984/27/33/335401.
URL http://stacks.iop.org/0953-8984/27/i=33/a=335401
8
